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ABSTRACT OF DISSERTATION

VOLTAGE MODULATED INFRARED REFLECTANCE STUDY OF SOLUBLE
ORGANIC SEMICONDUCTORS IN THIN FILM TRANSISTORS
Soluble organic semiconductors have attracted interest due to their potential in making
flexible and cheap electronics. Though their use is being implemented in electronics today,
the conduction mechanism is still under investigation. In order to study the charge transport,
this study examines the position, voltage, and frequency dependence of charge induced
changes in far infrared absorption in soluble organic semiconductors in thin-film transistor
structures. Measurements are compared to a simple model of a one-dimensional conductor
which gives insight into the charge distribution and timing in devices. Main results of the
study are dynamic measurements of charge taken by varying the frequency of the applied gate
voltage while observing signal at one position within the transistor; mobility values obtained
from a comparison to the one-dimensional model compare well with standard current-voltage
measurements. Two small molecule soluble organic semiconductors were studied: 6,13
bis(triisopropylsilylethynyl)-pentacene and fluorinated 5,11 bis(triethylsilylethynyl)
anthradithiophene.
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CHAPTER 1 Background and Theory
1.1

Introduction
Organic semiconductors (OSCs) are a class of organic (composed mainly of

carbon and hydrogen) materials that include polymers and small molecules with sp2
hybridization and delocalized -electrons. They have attracted attention both in academia
and industry for applications which require mechanical flexibility, large area coverage,
and inexpensive mass production such as electronic paper, LED displays, and solar
cells [1]. Despite progress in applied organic electronics and basic research, the
knowledge of fundamental properties in these materials is still limited.
Charge transport in devices, such as field effect transistors, is of particular
interest [2]. Device charging is affected by a number of variables, including the
fundamental properties of the OSC and interactions with electrical contacts and dielectric
materials. To understand charge conduction through organic transistors a number of
measurements are being used to probe the local charging, including scanning Kelvin
probe microscopy [3,4], electric field generated second harmonic generation [5], and a
number of light measurements [6-8].
This thesis covers localized measurements of charge transport in organic field
effect transistors (OFETs) using voltage modulated infrared light reflection. Chapter 1
covers the basics of organic thin films transistors and Chapter 2 covers experimental
methods and sample preparation. Chapter 3 is an introduction to the basics of the electrooptic measurements on transistors: voltage modulated spectra, voltage dependence of the
charge density, and charge distribution measured using voltage modulated infrared
reflection. Finally, our main results on dynamic measurements of the charge using
infrared reflection, including a unique measurement of the mobility, are discussed in
Chapter 4.
1.2

Soluble Organic Semiconductors
Materials like pentacene and rubrene are widely studied in OSC research due to

their impressive electrical performance. Although these materials are favored in research,
the deposition methods required to make thin films (i.e. thermal evaporation) are not
suitable to low cost applications in large area, thin film electronics manufacturing. To
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address this issue, soluble small molecule organic semiconductors have been developed
which can be deposited from solution using a variety of techniques, such as drop and spin
casting, dip coating [9], inkjet printing [10], and spray coating [11].
Two such materials, developed and synthesized by John Anthony’s group at the
University of Kentucky, are used in this study. The molecules, shown in Figure 1.1, are
6,13 bis(triisopropylsilylethynyl)-pentacene (TIPS Pn) [12] and

fluorinated 5,11

bis(triethylsilylethynyl) anthradithiophene (diF TESADT.) By adding side groups to
pentacene and anthradithiophene, these materials become soluble and are able to self
assemble into thin film crystals when deposited from common solvents. TIPS Pn can
obtain a charge mobility up to 1.3 cm2/Vs and diF TES ADT up to 1.5 cm2/Vs for highly
crystalline films formed by dip coating [9] which compares favorably with amorphous
silicon transistors (on the order of 0.1 cm2/Vs.)

Si

F

S
S

F

Si
(a)

(b)

Figure 1.1
Molecular structure of (a) 6,13 bis(triisopropylsilylethynyl)-pentacene
(TIPS Pn) and (b) fluorinated 5,11 bis(triethylsilylethynyl) anthradithiophene
(diF TES ADT)
The addition of side groups not only increases solubility, but can also be used to
control other characteristics of the thin film. Properties such as packing orientation can be
controlled to produce films which have better molecular stacking for electrical
conduction or decreased degradation in air compared to pentacene or rubrene [13]. The
properties of solution processable organic semiconductors make these materials easy to
use and ideal for measurement methods which require air exposure.
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1.3

The Field Effect Transistor
The use of the field effect transistor (FET) structure in fundamental research gives

an opportunity to measure the properties of a material, such as the mobility, in a
technologically relevant structure: taking into account large charge densities seen in
working devices, interactions with the gate dielectric and with electrical contacts [1,2,14].
In our measurements, the FET provides a convenient structure for infrared measurements.
FETs are comprised of a semiconducting material connected at two ends with
source and drain electrodes with the center region separated by a thin insulating dielectric
from a gate electrode. Different FET configurations are shown in Figure 1.2. Metallic
contacts for source and drain are either put above (top contact) or below (bottom contact)
the OSC; similarly the FET can be gated from the top or bottom. Doped silicon wafers
with oxidized silica layers are often used as substrates that double as gate and dielectric.

Source

OSC
gate
Substrate

Source
OSC

Drain
dielectric

gate dielectric
Substrate

(a)

(b)
gate
dielectric

Source

Drain

OSC
Substrate

gate
dielectric
Source

Drain

OSC

Drain

Substrate

(c)

(d)

Figure 1.2
Diagrams of configurations for thin film FETs (side view.) (a) bottom
contact/ bottom gate, (b) top contact/ bottom gate, (c) bottom contact/ top gate, (d) top
contact/ top gate.
When applying voltage to the FET, the source is grounded and voltage is applied
to the gate (Vgs) and drain (Vds). The density of charge carriers in the conduction channel
is modulated by the voltage applied to the gate, this charge then moves parallel to the
semiconductor-insulator interface in response to the field imposed by the drain contact. In
organic FETs (OFETs) the conduction channel is formed on the interface between the
dielectric and the semiconductor by charges originating at the drain and source contacts
when a gate voltage is applied.
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In an inorganic FET device there are two distinct modes of operation: linear and
saturation [15]. The transistor is in linear mode when Vds < Vgs-Vth and Vgs > Vth where
Vth is the threshold gate voltage, which is defined as the point when an inversion layer of
charge forms in the semiconductor near the gate. Empirically Vth is the gate voltage at
which current starts flowing between drain and source contacts through the
semiconductor (Ids.) When Vds = Vgs - Vth the charge nearest to the drain becomes
depleted, this effect is known as pinch-off. As Vds gets larger than Vgs-Vth, the pinch-off
position moves closer to the source, as shown in Figure 1.2 diagram (b). Past the pinch
off value, the current becomes constant and the FET enters saturation mode. The linear
and saturation modes adhere to two separate equations:
Linear:

Equation 1.1

Saturation :

Equation 1.2

where L is the length of the channel, W is the width of the channel,  is the mobility of
the OFET in the linear or saturation modes, and Cox is the capacitance per area for the
dielectric.
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(a) Channel Formation, linear mode
Vds < Vgs -Vth

-20

Vgs = -30 V

Linear Mode

-16

Vgs > Vth
(b) Pinch off

Ids (A)

-12

Vds = Vgs ‐ Vth
Vgs = -20 V

-8

Saturation Mode

-4
Vgs > Vth

Vgs = 0 V

0

(c) Saturation mode

0

-10

-20

-30

-40

Vds > Vgs ‐ Vth

-50

Vds (V)
Vgs > Vth

Figure 1.3
Graph of a rubrene thin film transistor current-voltage characteristic
showing linear and saturation modes separated by dotted line, Vth = 0.7 V, sat = 2
cm2/Vs. Diagrams (a) through (c) represent the conduction channel as a striped area for
different operation modes.
1.3.1

The Organic Field Effect Transistor (OFET)
There has been debate over whether OSCs can be described using inorganic FET

equations due to the OSC charge transport mechanisms, problems defining the threshold
voltage due to the absence of a true inversion layer, and the gate voltage dependence of
the mobility in many samples[1,16-18]. Some studies show that gate voltage dependence
of mobility is caused by charge trapping sites at crystal boundaries, impurities, etc. [14]
or that mobility varies with charge concentration [16,18]. Despite these issues, single
crystal studies show that Equations 1.1 and 1.2 are generally satisfactory descriptions of
OFET behavior [19,20].
Like inorganic semiconductors, organic semiconductors are typically undoped
when used in thin film transistors. The OFET conduction channel is formed when charge
flows in from electrical contacts in response to an applied gate voltage. The sign of the
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charge depends on the polarity of the gate voltage, and the concentration of charge is
dependent on the matching of energy levels between the OSC, electrode contacts, and
dielectric material [21]. Many small molecule OSCs, such as the materials used in this
study (TIPS Pn and diF TES ADT), are hole carriers when paired with gold contacts due
to matching of the highest occupied molecular orbital (HOMO) band in the OSC with the
work function of the contact metal, see Figure 1.4, and are called “p-type” in analogy to
doped inorganic semiconductors.
Diagram A.
Gold

Pentacene
Vacuum energy

Gold work
function 5.4 eV

Ionization
energy 5.2 eV

LUMO

Bandgap 2.2 eV

HOMO

Diagram B.
Gold

Pentacene
Vacuum energy

Gold work
function 5.4 eV

Dipole shift 1.05 eV
LUMO
HOMO

0.85 eV Bandgap - 2.2 eV

Figure 1.4
Energy diagrams of the gold/pentacene interface. Diagram A shows the
vacuum energy levels, diagram B shows energy levels when the materials are in contact
(shifted due to dipole energies at the interface) – from Reference [22], measured using
photoelectron spectroscopy.
For many years commonly studied small molecule OSC materials, like pentacene
and rubrene, showed higher hole conduction than electron not only due to the higher
barrier for electron injection from the lowest unoccupied molecular orbital (LUMO)
bands to commonly used high work function metals [23,24] but also due to larger HOMO
bandwidths that favor hole conduction [25]. In addition, negative carriers are more likely
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than holes to be trapped by common chemical impurities that leach into the OSC in
atmospheric conditions (i.e. oxygen and water), and by hydroxyl, silanol, or carbonyl
groups common to many widely used dielectric materials [24-26]. Though these barriers
hindered early work in n-type conduction, recent work has succeeded in synthesizing
molecules with high electron mobility by lowering LUMO levels and increasing the air
stability [2].
1.4

Transport in Organic Semiconductors
Transport in metals and inorganic semiconductors is described using a band

model which is adequate to describe the electronic behavior of these materials [15].
However in organic semiconductors, which behave more like “semi-insulators,” the
electronic transport takes on a different form which is still being investigated.
Electronic transport in OSCs involves the delocalized states associated with the orbitals of conjugated molecules. Hole (or electron) conduction between molecules,
bonded by weak Van der Waals forces, depends on the overlap of the HOMO (LUMO)
band between neighboring molecules. Charge modulated infrared measurements on
polymer OSCs show evidence of strongly bound polaron carriers (charge with
accompanying lattice distortion) [7]. However, on highly ordered small molecule rubrene
the possibility of band-like transport of light quasiparticles up to room temperature is
observed [27], and low temperature transport measurements hint the presence of bandlike conduction [24]. Band-like transport in current-voltage measurements has been
observed in polycrystalline TIPS Pn when charges in shallow traps are released using
moderate Vds at low temperature, though this is not true extended state conduction but
delocalization over only a few molecules [28]. In some studies it has been shown that one
device can show multiple transport “regimes” depending on temperature and carrier
concentration [18,29,28].
Charge transport has been modeled within the limiting cases of localized hopping
between molecules and coherent, band-like transport in extended states. Developing a
model of transport is a challenge that requires combining the competing evidence of each.
Computational models have shown that the charge conduction is a strong function of
crystal structure and packing [30], and that localization of charge can be a dynamic
process in small molecule OSC due to the thermal motion of molecules in the lattice
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decreasing the charge transfer intergral (which is related to the overlap of energy levels in
neighboring molecules) [31]. Since the thermal vibrations are large at high temperature
and small at low temperature, the material with this type of “thermal” localization will
show a band-like mobility increase with decreasing temperature.
In pentacene, TIPS Pn, and diF TES ADT (and others) the molecules pack in a
layered structure: Figure 1.5 shows the packing of a TIPS Pn layer in a single crystal and
Figure 1.6 shows polarized FTIR spectra of a typical thin film crystal grown out of
solution in our lab. In these materials conduction takes place in the plane of the a and b
axis (in the plane of the crystal) with very little electrical transport along the c-axis
(between layers) [29,32]. Charge transport anisotropy in the a-b plane of TIPS Pn is
between 3.5-10, and the highest conductivity is near the a-axis [32-34]. In situ studies of
charge conduction in pentacene during thin film formation show that most of the charge
is carried on the 2-7 monolayers nearest to the gate dielectric [35].
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b

a

Figure 1.5
a-b plane stacking of TIPS Pn,the pentacene backbone is represented by
short grey lines. Large grey shaded area shows the approximate orientation of a single
crystal with respect to the a-b plane. Adapted from Reference [33].
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Figure 1.6
Unpolarized and polarized (with wire grid polarizer) infrared spectra of a
thin film TIPS Pn crystal grown out of solution on gold. Shaded areas show areas where
the spectrum is most strongly polarization dependent, showing alignment of molecules.
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1.5

Measuring slow charge using voltage modulated infrared transmission
Previous studies using modulated infrared reflectance and transmittance in our lab

focused on measuring the slow moving charge carriers associated with charge density
waves in one-dimensional conductors such as K0.3MoO3 (potassium molybdenum oxide,
also called blue bronze.) Success in this measurement inspired a study of slow charge
transport in organic semiconductors.
1.5.1

Charge Density Waves
In one dimensional metals at low temperatures, electron-phonon interactions give

rise to a state characterized by a periodic lattice distortion and a periodic modulation of
the electronic charge density called a Charge Density Wave (CDW) [36]. CDWs are
pinned in place in the material by defects such as impurities, but can be depinned by
applying a voltage V> Von, the onset of polarization. During polarization, the CDW is
depinned within the crystal, bunching on one end and rarifying on the other end. At VT
(> Von) the CDW is depinned at the contacts and charge is transported by the CDW,
which results in an oscillating component to the current [37,38]. This effect is observed in
certain quasi-one-dimensional materials, such as blue bronze [39].
The variation of phase in the charge density under polarization is screened by free
carriers [37,40] which results in a change in the infrared transmission, as observed by
Itkis and Brill [41]. Distortion of the CDW under applied voltage increases transmission
on the positive side of the sample and decreases it on the negative side over a wide
infrared spectral range, and this change is proportional to the local CDW strain.
Measuring the changes in IR transmission allows one to determine the position and time
dependent changes in the collective mode of CDW phase [38, 40-42].
At the beginning of my time in the lab, we studied the behavior of polarization
onset in blue bronze using the electro-optic response [42]. This study aimed to measure
critical changes in the CDW phase dynamics within 10% of the onset voltage for CDW
polarization (in the elastic and diffusive limit), where the diffusion constant (D) is
expected to diverge. Near threshold, the response time  is inversely proportional to D,
which was measured using the square wave frequency and voltage dependent electrooptic response for voltages within 6-10% of the onset voltage. Critical behavior (decrease
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of  with voltage) was not observed down to 1.06Von, setting |V/Von – 1| < 0.06 as the
upper limit of the critical region.
1.5.2

Light measurements of OFETs
Based on the success of electro-optic measurements in detecting polarization in

CDW materials, we began a project to look at organic semiconductors using a similar
technique. In addition, voltage modulated IR and visible light measurements have been
used to study the charging and conduction mechanisms in organic transistors:
measurements of the optical properties have yielded the spatial dependence of the charge
within a transistor [8,16], changes in far infrared absorption with applied voltage [6],
changes in molecular vibration frequencies (including the creation of broad-band
polarons) [7,16], and properties of the HOMO and LUMO bands [43].
The materials used in this study are single crystal, small molecule OSC thin film
transistors. When voltage is applied to the gate, charges accumulate on the surface of the
semiconductor closest to the gate dielectric. This charge originates at the contacts, and is
not present when Vgs = 0. Fisher et al. observed broad-band energy absorption in the mid
to far infrared using charge modulation spectroscopy on rubrene single crystal transistors
with a spectrum suggestive of a Drude response [6]. Similarly, in our measurements
transistors show a broadband absorption in the mid-infrared (425-1100cm-1) when
infrared light is reflected off the gate, as shown in Figure 1.7.

V=0

metal

V≠0

**********
metal

z

Figure 1.7
Simplified picture of light passing through a charged layer induced by a
voltage applied to a metal beneath a dielectric barrier.
In a simplified view, assuming the charges are free to interact with incoming light
and move along the interface, the change in reflection due to absorption by charges on a
two-dimensional layer of charge can be estimated to the first order:
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∆
Equation 1.3
where x is the thickness of the charged area, I0 is the intensity of light without voltage
applied, and a is the extinction coefficient. Expanding for small x:
∆

1

⋯ 1
Equation 1.4
2!
In measurements of a transistor with a metallic gate the reflected light will pass through
the active layer twice, therefore x = 2z where z is the thickness of the conducting layer.
Using the low conductivity (i.e. large scattering) limit of the extinction coefficient [44]:
Equation 1.5

we then have:
∆

2

2

Equation 1.6

for absorption through a conducting layer of thickness z.
1.6

Charge Flow in a 1D channel
To facilitate an understanding of dynamic (AC) characteristics of OFETs, we

have used a simple model to calculate the dynamics of charging and discharging of a
transistor. Charge flow in an OFET has been studied with focus on their steady state (DC)
properties to compare with current-voltage measurements [45], and the dynamic current
response is addressed in some studies for samples with high contact resistance [46].
Below is a solution to the model for charge conduction in transistors with no contact
resistance, solving for position and frequency dependence of the charge.
For our model, we assume a constant width for the semiconductor between the
drain and source electrodes with length L, that all the charge is at the interface with the
dielectric [35], and that there is negligible leakage through the gate dielectric [16]. We
neglect fringing fields so that the problem is one-dimensional and the voltage at a
position x is proportional to the charge density: V(x,t) = (x,t)/C, where C is the
capacitance to the gate and  is the charge per unit area. Assuming the current density
between the drain and source electrodes is limited by diffusion and conductance in the
OSC:
Equation 1.7
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Equation 1.8
where D is the diffusion constant and  is mobility, which we take as a constant as
expected for a single crystal semiconductor with low defects. The case of a charge
dependent mobility is discussed in Chapter 4.
To simplify calculations and measurements, we focus on the situation where Vds =
0 and the only current is that which is induced by the changing gate voltage. For square
wave voltages switching between 0 and 0/C applied to the gate,

2

Equation 1.9

2

As boundary conditions, we assume that there are negligible contact impedances and
injection barriers, so that at the source and drain, (0,t) = C Vgs(t) and (L,t) = C Vgd(t).
This can be solved numerically for different frequencies and values of D/Vgs. The
Einstein relation for the diffusion constant, D ~ kBT/e, so that D/ ≈ 26 mV at room
temperature, which could be slightly enhanced by a factor of 1.2 – 1.8 [47]. The diffusion
constant is then negligible (D/ « Vgs) when the applied gate voltage Vgs > 1 V; therefore
only solutions for D ≈ 0 are presented here.
Figure 1.8 shows the time dependence of (x= L/2, L/3, L/6) at a few square
wave frequencies defined as a multiple of the characteristic frequency F0 = Vgs/(2L2).
One striking aspect of the response in the channel is the asymmetry of charging and
discharging. When charging, the charge density adjacent to the source and drain, and
therefore the conductivity, is at its maximum value, but when discharging, the charge
density and conductivity at the contacts is zero, creating a bottleneck for charge to leave
the interior of the channel. (This bottleneck effect is not significantly changed by
including a small but finite D, e.g. D = 0.02Vgs, shown in Figure 1.9.) This asymmetry
was noticed and discussed by Matsui and Hasegawa [5]. A consequence is that the
average charge becomes greater than 0/2 (the average expected for a linear response.)

13

(t) / 

1.0
0.8
0.6
0.4
0.2
0.0

F = F0
x=L/2
x=L/3
x=L/6
x=L/2 linear

1.0
0.8
0.6
0.4
0.2
0.0

F = 4F0

1.0
0.8
0.6
0.4
0.2
0.0

F = 16 F0

-0.5

0
Ft

0.5

Figure 1.8
Plots of solution to Equation 1.9 for varying frequencies of applied gate
voltage and at three positions within the transistor, with Vds = 0. Also shown is the linear
response, which does not include the terms in brackets in Equation 1.9. The square wave
applied voltage is diagrammed as a gray background when voltage is “on” (q = C/Vgs)
and no color for “off.”
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Solutions to Equation 1.9 comparing D = 0 to D = 0.02Vgs.

Comparing the response at different positions within the sample shows that the
response at L/6 (closest to the contact) is significantly different from the response at L/2
and L/3, where the response is very similar, especially at low frequency. The similar
response is due to the charge flowing from contacts on either end of the sample. This
result becomes important in measurements, where the measurement area is finite and the
measurement area may not be precisely in the center of the channel.
The first Fourier component of the charge density at various gate voltage
frequencies is shown in Figure 1.10. The L/2 and L/3 positions have similar responses,
and are qualitatively similar to over-damped harmonic oscillators; in particular at high
frequency the in-phase response becomes inverted at F ~ 4 F0 where charge is still
flowing into (out of) the center when the voltage is turned off (on). In contrast, at L/6 the
in-phase response has a long tail (positive signal) extending to high frequencies reflecting
the rapid diffusion of charge from the nearby contact.
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Figure 1.10 Fundamental fourier component of the solution to Equation 1.7 at three
distances from the drain contact, also included is the solution to the linear equation at the
center of the channel. The solution to the nonlinear equation at the center is fit to a
rational expression which is used to fit electro-optic data (Equation 4.1.) For other cases,
the curves are guides to the eye.
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CHAPTER 2 Experiment: Equipment and Sample Preparation
This section reviews the electro-optic system, spectrometers, and sample
preparation.
2.1

Experimental set up
The original purpose of the electro-optics system in our laboratory was to study

charge density wave materials, from 1994 to 2008. Since 2008 we have added a Fourier
transform infrared spectrometer (FTIR) for quicker measurements of the infrared
reflection and transmission spectra. The outline of the present system is shown in Figure
2.1 and a detailed diagram of the optical bench is shown in Figure 2.2. The main system
components are the lasers, optical table, microscope, and FTIR.

V ()
Microscope

V ()

Lock-in
Amplifiers

detector

FTIR
Polarizer
Chopper ( )
Optical bench

OSC
gate

Monochrometer
and mirrors
VAC ()
Tunable Diode
Lasers

Diagram of the optical set up for infrared measurements at the University
Figure 2.1
of Kentucky.
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Figure 2.2
Optical bench with detail. The kinematic mirrors are in place only during
laser calibration, and the beamsplitter is only used when the HeNe alignment laser is in
use. Diagram from Ram Rai’s thesis [48].
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2.1.1 Lasers
Infrared tunable diode lasers are used in the lab and are composed of Pb1-xSnxSe
(lead-tin-telluride) from Laser Components, Inc. The four original tunable diode lasers
used for electro-optics measurements were installed in 1997 to replace a broadband
globar source. Tunable diode lasers can be varied semi continuously over portions of the
infrared spectrum (depending on alloy composition, temperature and applied current)
which makes them well suited for our wavelength dependent electro-optic studies. The
composition (x-value) can be controlled during crystal growth and is used to vary the
bandgap of the material. Lasing wavelength depends on bandgap (Eg) as:
Equation 2.1
where h is Planck’s constant, and c is the speed of light. The precise modal output can be
further controlled by the refractive index and cavity length:
2

Equation 2.2

where n is the refractive index, l is the length of the cavity, and m is the number of half
wavelengths in the cavity. The bandgap and refractive index are temperature dependent
[49], therefore the lasing wavelength can be controlled by varying the temperature.
The four lasers are mounted on the cold finger of a closed cycle refrigeration
system (CTI 8200 compressor) in which high pressure helium gas is pumped through the
system and cools upon expansion. This keeps the base temperature between 13 – 19 K.
The heat and current is controlled using a microprocessor controlled system (Laser
Components Inc, L5830). The four lasers used for electro-optic measurements have a
collective range of 425cm-1 (23.5m) to 1150cm-1 (8.7m.) The wavenumber range for
each laser along with temperature range and current applied are given in Table 2.1.
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Table 2.1

Laser wavelengths and operating conditions.

Laser

Temperature Range (K)

Current (mA)

Wavenumbers (cm-1)

1

20-80

550

425-625

2

20-40

600 (900)

620-680 (650-720)

3

20-90

750

700-1000

4

20-75

400

975-1150

Due to temperature cycling and age, the lasers need to be recalibrated
periodically. This is done using a monochromator located in the optical table, Figure 2.2.
At each temperature and current setting, the laser will have between 1 and 10 modes.
Mode wavelength and intensity is measured for temperatures about 2 K apart using the
monochromator and lock-in amplifier, tuned to the frequency of the chopper. The
monochromator position is weighted by the signal intensity of each mode, and this
weighted average is used to calculate the average wavelength at a laser temperature. An
example calibration curve is shown in Figure 2.3, the error bars signify the broadening of
the lasing wavelength through multiple modes. The calibration data is fit to a polynomial
equation that is used to calculate the average wavelength from operating temperature. For
electro-optic measurements all the laser modes at one temperature are collected.
1000

= a + bT + cT2
a = 646.12462
b = 2.4343419
c = 0.015763576
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Example calibration data for a laser. Solid line shows a fit to the data.
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The main source of noise in measurements using the lasers is the mechanical
vibration and motion of the lasers due to the closed cycle refrigeration system. In
principle, the lasers could be cooled with liquid nitrogen or helium dewars, but the cost of
keeping the lasers cold for long periods made such measurements tedious, and repeated
cooling can destroy the lasers by causing their contact resistance to increase. We
experimented with using thermal sources with parabolic mirrors (in place of the lasers)
which have much less noise (and do not require cooling), but the signal was small so that
the signal/noise was less than with the lasers.
2.1.2 Optical Table
The optical table houses mirrors, the monochromator for calibrating the lasers,
and an alignment laser, shown in Figure 2.2. An off-axis parabolic (OAP) mirror is used
to collimate the laser light, and for electro-optic measurements the kinematic mirrors
diverting the laser light through the monochromator are removed, so all the light (i.e. all
the modes) are collected. The beamsplitter can be removed and is in place only during
alignment using the HeNe laser. A removable mirror is used to switch between laser and
FTIR measurements using the microscope, and a chopping wheel, used to facilitate lockin measurements, is placed between the optical table and the infrared microscope.
2.1.3 Microscope
The Thermo Continum infrared microscope is used to reflect or transmit light on
the sample, using a measurement area between 10m × 10m and 200m × 200m. The
microscope can be used in either reflection or transmission mode, but for this study was
only used in reflection mode due to the configuration of the field effect transistors.
Two mercury cadmium telluride (MCT) detectors are mounted in the microscope
for infrared measurements using either the FTIR or lasers. Both MCT detectors operate at
77 K, and are cooled using liquid nitrogen which can be stored for over 8 hours in the
separate dewars that house the detectors. The first detector covers the spectral range from
400 cm-1 – 1300 cm-1 with peak detectivity at 465cm-1, and the second detector covers
600cm-1 – 4000 cm-1 with peak detectivity at 740 cm-1 and has better signal-to-noise. The
second detector was used most frequently, while the first detector was only used for
measurements in the low wavenumber range (< 600 cm-1.)
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2.1.4 Spectrometers
FTIR at the University of Kentucky
The spectrometer used in the lab is the Thermo Scientific Nicolet 6700. The
compatible design of the FTIR and microscope makes it possible to use the microscope
sample stage and detectors, instead of the FTIR internal detector and sample space, to
measure spectra in the same configuration as electro-optic measurements. Example
spectra of TIPS Pn thin film and bulk spectrum are shown in Figure 2.4. To switch the
input of the microscope between the lasers and FTIR light source, the light from the FTIR
source is sent out to the microscope through a port hole (KRS-5 window) on the side of
the spectrometer. The light is then reflected off the sample and into the microscope
detector, and the resulting interferogram is Fourier transformed by OMNIC software that
came with the FTIR. The OMNIC software also allows for normalization to the
background and other spectral manipulations. Background normalization was the only
feature used regularly, and most background spectra were reflection off of a standard
gold slide (R = Signal with sample/ Signal with gold). An example background single
scan of reflection off a gold slide is shown in Figure 2.5.
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TIPS Pn spectra taken with FTIR and microscope, taken in reflection
Figure 2.4
mode. The bulk crystal spectrum is reflection off of a smooth surface, and the thin film
spectrum was taken for a crystal grown on gold (and is therefore dominated by the
absorption through TIPS Pn.)
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Figure 2.5
Single scan spectrum of reflection off a gold film, the overall shape shows
the blackbody curve from the FTIR light source interrupted by absorption through air,
notably water and carbon dioxide [50].
FTIR at the National Institute of Standards and Technology
Measurements taken at the National Institute of Standards and Technology
(NIST) used the Nicolet 8700 Research FT-IR Spectrometer, which is very similar to the
Nicolet 6700 with the addition of several features which were not used in this study. The
sample was mounted on a reflection accessory – which could reflect the light off the
sample at angles between 30° to 70° – in the sample compartment of the FTIR. The
sample compartment was nitrogen purged for one hour before starting measurements to
limit OSC degradation and background lines in the FTIR spectrum. To study changes in
phonon frequencies with molecule charging, voltage dependent spectra were taken by
collecting single scan spectra with Vgs = 0 for approximately 50 scans (“off”), then
collecting with Vgs ≠ 0 (“on”) for 50 scans (scans are averaged to produce a single line
spectrum by the OMNIC software.) This process, automated using LabView, was
repeated approximately 50 times to obtain a high signal to noise ratio of the change in
spectra caused by the applied voltage, and each scan was kept relatively short to reduce
drift. Data analysis was performed using Mathematica and SigmaPlot. A program was
written which added all “on” and “off” spectra into two files and used these files to
compare the data. Typically the differences were compared by taking the ratio (on/off) or
the normalized difference ((on-off)/off.) Spectra collected at NIST are presented in
Chapter 3.
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This same measurement was attempted using the microscope and FTIR at the
University of Kentucky, but due to the light limiting optics in the microscope the signalto-noise was too low to observe expected voltage dependent changes in spectra. The
random noise after ~ 10 hours of signal averaging was slightly above the signal level
(R/R ~ 10-4, see Figure 3.6) and was affected by long term drift in the microscope.
Raman Spectrometer
Raman measurements were taken in Dr. Beth Guiton’s lab at the University of
Kentucky using the HORIBA Jobin Yvon LabRAM HR system. The sample is mounted
on an optical microscope with three objectives, 10x, 50x and 100x; the resolution of the
microscope at 100x is 2 m × 2 m. The Raman spectrometer light source is a 5 mW
HeNe laser. In order to avoid burning holes in the OSC sample, intensity is adjusted
using a continuous variable filter to ~ 0.15 mW. The signal is reflected off the sample,
detected by a CCD array, and processed by LabSpec 5 software. An example Raman
spectrum of a bulk TIPS Pn crystal is shown in Figure 2.6, spectra of a thin film using
FTIR and Raman spectroscopy are shown in Figure 2.7.
Voltage modulated Raman spectra, with which we again hoped to study phonon
changes with molecule charging, were attempted using a similar method to that described
for the FTIR at NIST above; unfortunately these measurements could not achieve a high
enough signal-to-noise due to the digitizing CCD detectors.
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Raman spectrum of a bulk TIPS Pn crystal, background subtracted.
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Figure 2.7
2.2

FTIR and Raman spectra of TIPS Pn thin film on gold.

Electro-optic measurements using the infrared lasers

For the best signal-to-noise measurements of voltage modulated reflection,
relative changes in reflectance are measured using the lasers with the sample mounted in
the microscope and are normalized to a simultaneous measurement of the total
reflectance. A unipolar square wave voltage F = /2 is applied to the sample gate, using
the HP 33120A frequency generator and a home built 10x amplifier, and the infrared
beam is chopped at ≈ 370Hz. The modulated signal reflected off the sample is detected
using one of the two MCT detectors mounted in the microscope, and the output is sent to
two lock-in amplifiers connected in parallel, as shown in Figure 2.1. The lock-in
amplifiers, Princeton Applied Research 5302 and Stanford Research Systems SR830
DSP, are referenced to the chopping frequency and function generator frequency; the
ratio of these two signals gives the value of R/R. Changes in reflectance are measured
as R = R(V) – R(0) so that a positive value of R signifies an increased reflection,
while negative signifies a decreased reflection (by absorption in the semiconductor.) The
signal is measured in-phase and in quadrature (90° out of phase) with the applied square
wave voltage.
The frequency dependence of the gain and phase shift of the microscope detector
and lock-in amplifier were measured with a chopped light signal in order to calibrate the
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system.

The maximum speed of our high frequency chopper used to perform the

calibration limited our measurements to frequencies below 20 kHz, and low frequency
(less than ~ 100 Hz) measurements were limited by the noise of the detector and lasers.
Measurements were also normalized to the frequency dependence of the gain and phase
shift of the amplifier and function generator.
The Stanford SR830 lock-in, function generator, and Hewlett-Packard
multimeters (used to measure the signal from the Princeton 5402 lock-in) were interfaced
with the computer through a GPIB (general purpose interface bus) board for
measurements early in the study; later the interface was changed to a GPIB to USB
(universal serial bus) interface compatible with a new computer. Programs to collect data
were written in QuickBasic: one program is used to measure spatial, wavelength, and
voltage dependent data in which the user makes changes to the sample and uses the
program to measure and organize the data; frequency dependence of the signal is
measured using an entirely automated program where the function generator frequency is
set by the program.
2.3

Current-voltage measurements

Current-voltage (IV) characteristics are taken for each transistor studied to assess
the quality and operating characteristics. For measurements at the University of
Kentucky, we use the circuit diagrammed in Figure 2.8. Voltage is applied to the gate and
drain using two grounded DC sources. The drain current (Ids) is obtained by measuring
the voltage across a 1 M resistor (connected in series with the drain contact) using a
multimeter with floating ground, and precise values of the drain to source voltage are
measured using a Hewlett Packard multimeter grounded through 10G. Example IV data
are shown in Figure 2.9 for a TIPS Pn sample on polymer dielectric (TIPS/PVP Sample
3.) Using the current-voltage data, the average mobility can be calculated using standard
equations for linear and saturation regions, discussed in Section 1.3. For TIPS/PVP
Sample 3 the linear mobility is lin = 0.12 cm2/Vs (L = 250 m, W = 375 m and
d = 500 nm.)
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Figure 2.8

Circuit diagram for current-voltage measurements of FET.
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Figure 2.9
Current-voltage characterization of a TIPS Pn transistor with polymer
dielectric measured at the University of Kentucky (TIPS/PVP Sample 3.)
In current-voltage characterization of organic transistors it is often the case that
the drain to source current decreases over time and mobility values can change an order
of magnitude in a few minutes under applied voltage; these effects are often attributed to
gate bias stress [4,51]. We observed a similar effect in our IV measurements, and adopted
the strategy of taking measurements after 15 seconds at the set Vds, and allowing 60
seconds between changes in the gate voltage.
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Current-voltage data taken at National Institute of Standards and Technology
(NIST) were measured using a probe station and semiconductor parameter analyzer. Data
collection was automated using LabView and had preset measurement times. Example
data of a spin cast diF TES ADT transistor are shown in Figure 2.10, lin = 0.03 cm2/Vs,
channel length L = 50 m and channel width W = 820 mm.

0.0
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Figure 2.10 Current-voltage characterization for a spin cast diF TES ADT transistor
used for voltage modulated reflection measurements at NIST (dielectric 1m Si3N4 .)
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2.4

Sample Fabrication

Bottom contact field effect transistors were made with polymer or inorganic
insulator as the dielectric layer over a metal gate. I made all samples for electro-optic
measurements at the University of Kentucky (cartoon of one transistor is shown in Figure
2.11), and sample structures were made by Oleg Krillov for voltage modulated FTIR
measurements at the National Institute of Standards and Technology.
Light

TIPS Pn
Gate (Au)

Figure 2.11 Diagram of transistor structure for one set of drain and source contacts,
TIPS Pn crystals are shown in dark blue.
2.4.1 Sample structures for electro-optic measurements

Microscope slides are used as the substrate for samples made at the University of
Kentucky, and are cleaned by sonicating or heating for ten minutes in each of the
following solvents: acetone, ethanol, and de-ionized water, then dried in a stream of
nitrogen gas. 20-40 nm of gold or aluminum is evaporated through an aluminum foil
mask at a pressure of 5x10-5 T to form a metallic gate. The dielectric is then applied, as
described below in detail (Section 2.5.) Between six and ten gold drain and source
contact pairs are evaporated over the dielectric layer through a steel shadow mask or
photoresist mask at a distance of 27cm from the evaporation source to limit radiative
heating of polymers. Photoresist is used to mask the oxide sample beds to ensure clearer
evaporation patterns without blurring edges, which happens when the mask is not flush
with the dielectric surface. The steel mask is used with the polymer dielectric to avoid
possible damage to the surface from photoresist processing.
The photoresist used to mask is Shipley Microposit S1813 which is coated on the
sample by spinning at 3000 rpm for 30 s. After spinning, the photoresist is dried on a
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90°C hot plate for 60 s and exposed to UV light through a pattern mask for 10 s. To
undercut the photoresist, thereby getting better lift off of the excess metal after
evaporation, the sample was then soaked in toluene for 45 s and dried. The photoresist
was then developed in Shipley Microposit MF-319 Developer for 30 s and rinsed in deionized water.
2.4.2 Sample structures for charge modulation spectroscopy measurements

Samples measured at the National Institute of Standards and Technology (NIST)
for measurements of static voltage modulated FTIR spectra of diF TES ADT transistors
were made on polished silica wafers. The gate was optically thick gold over a thin
(~5 nm) layer of titanium. Silicon nitride (Si3N4) dielectric was deposited by plasma
enhanced chemical vapor deposition, followed by the application of gold drain and
source electrodes through a photoresist mask. The source and drain contacts were
interdigitated in order to achieve a measurement area of ~1 cm2 without increasing the
channel length, as shown in Figure 2.12. Transistor channel length is measured as the
distance between two adjacent fingers, and channel width is approximately the length of
one finger multiplied by the number of gaps between adjacent fingers. Fingers are

Drain

Source

0.05 mm wide and 8 mm long for samples used in this thesis.

Figure 2.12 Cartoon of the interdigitated finger design used in FTIR measurements of
voltage modulated reflection; the black circle shows the measurement area.
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2.4.3 Semiconductor deposition

Before semiconductor deposition, the sample structure surface is chemically
modified to increase transistor performance. First, the sample structure is soaked in a
solution of pentafluorobenzenethiol (PFBT) in ethanol (5 mM) for 60 minutes, rinsed in
ethanol and dried in a stream of nitrogen gas. During the PFBT soaking process a self
assembled monolayer of PFBT is grown on the gold fingers which increases molecular
order at the contacts during crystal growth [52,53] and modifies the work function
[54,55]

of

the

metal

surface,

thereby

reducing

contact

resistance

[13,56].

Hexamethyldisilane (HMDS) is spin cast on select samples to improve crystallinity and
decrease trap states on oxide dielectric surfaces [57-59].
After chemical modification of the surface, the semiconductor is applied. For
samples made with TIPS Pn, a 1-2% by weight solution in toluene is applied using a
dropper and dried under a cover, the substrate tilted at a slight angle to promote long axis
growth along the drain to source direction. Drying the solution under a cover allows extra
time for large area crystals to grow; when dried too quickly amorphous or polymorphous
films form. For samples made with diF TESADT, a 1-2% solution in chlorobenzene is
applied either by drop casting and slow dry (similar to TIPS Pn method) or the solution is
spin cast between 500-1000 rpm for approximately 30-seconds.
Electrical contact is made to the drain, source and gate contacts using silver paint
to attach leads. Access to the gate is achieved by gently scratching off the dielectric layer.
2.5

Dielectrics

Dielectrics can affect many aspects of an OFET. Below I discuss effects on the
electrical performance of the transistor and on the infrared characterization, and give a
summary of methods used to deposit thin film dielectrics for this study.
2.5.1 Electrical considerations for the dielectric surface

Electrical effects of the dielectric can affect the quality and performance of the
transistor built, as discussed in Section 1.3.1. In addition, physical defects in the dielectric
can affect the electrical performance: pinholes can cause leakage current from source and
drain contacts to the gate, and the roughness of the dielectric can disrupt the molecular
stacking or cause the formation of grain boundaries during OSC deposition [24,60].
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Transistor current is normally expected to increase with increasing capacitance,
since this should result in increased charge density and lowered operating voltage of an
OFET [13]. The capacitance (per area) depends on material properties as:
Equation 2.3
A thinner insulator (d) or higher dielectric constant () is therefore expected to increase
current, but due to the high polarizability of OSC, increasing the dielectric constant does
not always increase performance. Increasing the dielectric constant in oxide dielectrics
decreases mobility and increases hysteresis and threshold voltage in OFETs suggesting
charge trapping on polar functional groups of the oxide [24,61,62]. In contrast to these
results on oxides, mobility increase with increasing dielectric constant was seen in cross
linked poly-4-vinylphenol (PVP), which was controlled through modifying the
PVP:crosslinker ratio [63], though this increase was small and for a small range of .
Improvements in electrical performance of OFETs have been achieved by
modifying the surface of inorganic dielectrics using thin films of polymers or self
assembled monolayers which can smooth the surface, modify the surface energy and
surface chemistry (including reducing the number of trap states) [25,64]. This can result
in increasing mobility and decreasing threshold voltage; mobility can be increased by a
factor of 10 or more [59], though care must be taken in choice of modifying chemical
with some precursors causing a decrease in performance [65]. In this study we use
HMDS (Section 2.4.3) on select samples.
2.5.2 Optical effects of the dielectric

Measurements using light put additional constraints on the dielectric layer
properties.
Buried Metal Layer (BML)

Light reflected off the metallic gate will have a node at the gate; if the
semiconductor-dielectric interface is placed approximately /4n away from the gate the
intensity of light interacting with the active layers can be 3-4 times larger than the
average intensity. A simplified schematic is shown in Figure 2.13. Using Maxwell’s
equations, we have calculated the intensity of light at the dielectric-OSC interface as a
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function of the dielectric thickness (Figure 2.14.) The ideal dielectric and OSC thickness
is affected by the wavelength of the light in the dielectric, the wavelength of the light in
the OSC, and the interference effects of reflecting off multiple surfaces. Consequently,
the ideal thickness for dielectric films in electro-optic measurements with  ~ 1000 cm-1
and n ~ 2 is ~ 1 m; electro-optic signal fell below noise levels for transistors with much
thinner dielectric films (~ 0.3 – 0.5 m.)


OSC
dielectric
metal
Figure 2.13 Simple schematic showing the buried metal effect, which is used to
enhance the interactions of light with the active layer in the semiconductor.
4

n (dielectric) = 2
n (dielectric) = 1
no interference

R / R (arb. units)

3

 = 1000 cm-1
n (OSC) = 2

2

d (OSC) = 1 m

1

0
0.00

1.25

2.50

3.75

5.00

ddielectric (m)

Figure 2.14 Calculation of enhancement of the change in reflectance due to the
interaction at the charging interface, influenced by the interference effects in the
dielectric and OSC.
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Index of Refraction in the Infrared

Many inorganic dielectric materials have phonon modes in the spectral
measurement range that cause the index of refraction to vary (Figure 2.15.) For
measurements we chose materials with relatively constant index of refraction values in
the wavelength range of our measurement. For example when using Al2O3 (Figure 2.16)
to measure the electro-optic response with the lasers, we focused on measurements
around 1000 cm-1, and when using Si3N4 (Figure 2.17) in voltage modulated FTIR
measurements at NIST we focused on measurements above 1000 cm-1. The polymer
dielectric used in this study also had vibrational modes in the range of interest, but did
not effect measurements (see Section 3.2) and could be effectively avoided by choosing a
wavelength away from the polymer modes (Figures 2.17 and 2.18.)

Index of Refraction (n)

4
SiO2
Al2O3

3

Si3N4
2
1
0
600 800 1000 1200 1400 1600 1800 2000
 (cm-1)

Figure 2.15 Graph of the index of refraction in silicon dioxide, aluminum oxide, and
silicon nitride in the infrared. Silicon nitride values were measured at NIST using a
spectroscopic ellipsometer; silicon dioxide and aluminum oxide values were obtained
from reference [66].
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Figure 2.16

Spectrum of TIPS Pn on Al2O3 over gold.
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Figure 2.17 Spectra of thin film diF TES ADT on Si3N4 and polymer dielectric PVP.
Light is reflected off the gold layer and is absorbed in the thin layers.
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Figure 2.18 Spectra of thin layers of TIPS Pn and polymer dielectric PVP. Light is
reflected off the gold layer and is absorbed in the thin layers.

Electro-optic Response of Silica Wafers
Studies of the electrical properties of OSCs will often use doped silicon wafers
with polished thermal oxide as the substrate. Although these wafers are convenient, as
gate and dielectric are pre made, our measurements of gate voltage modulated IR
reflectance show a large dynamic signal, as shown in Figure 2.19, on samples with a thin
layer of gold (~ 5 nm, transparent to IR light) substituting for the OSC. We speculate that
this signal originates in the movement of charged species on a silica surface or the
silicon-silica interface. This signal was also observed on samples where the silica was
covered by a 30-40 nm gold gate and Al2O3 deposited as the dielectric.
Shown in Figure 2.20 is the electro-optic response of a thin layer of gold
covering a PVP dielectric with a gold gate. As expected, the signal is small and persists to
high frequency. The signal comes from the excess mobile charge induced by an applied
gate voltage, similar to the signal on an OFET, but is not limited in the frequency domain
by low mobility as in OFETs (Chapter 4.)
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Figure 2.19 The dynamic infrared electro-optic response of a p-doped silica wafer
taken at 1000 cm-1. Transistor structure was used to measure the response, where an
optically thin layer of gold connected thick source and drain contacts.
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Figure 2.20 The dynamic infrared electro-optic response of a thin layer of gold over
PVP dielectric at  ~ 900 cm-1.
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2.5.3 Dielectric deposition and processing
The two methods we use to make the insulating layer of the OFET samples are
spin coating a polymer and using atomic layer deposition (ALD) to apply aluminum
oxide, Al2O3. At NIST insulating layers were prepared by Oleg Krillov using plasma
enhanced chemical vapor deposition (PECVD) of silicon nitride, Si3N4.
The polymer insulator used was poly-4-vinylphenol (Mw- ca. 25,000) (PVP)
cross linked with methylated poly(melamine-co-formaldehyde) 84% wt.% in 1-butanol
(MMF) dissolved in propylene glycol monomethyl ether acetate (> 99.5%) (PGMEA)
which is spin cast over the gate metal. The thickness of the insulating layer can be
controlled by varying the spin speed and the concentration of the PVP/MMF mixture in
PGMEA, Figure 2.21. The PVP solution was made with a 1:3 wt% mixture of
MMF:PVP, and the final solution concentration was between 10-17% PVP/MMF in
PGMEA. The solution is spun between 2000 and 4000 rpm for 30-45 seconds. Better
uniformity was attained in our lab using one spin speed, rather than varying the speed in
steps. After deposition, the solution was dried at 100°C for 10 minutes and cross linked at
200°C for 10 minutes.

Thickness (m)

2.5
Waves at edge

2.0
1.5
1.0
0.5

Edge of PVP

0.0
1.0

1.5

2.0

2.5

3.0

3.5

4.0

Distance (mm)

Figure 2.21 Thickness at the edge of a PVP film, measured using a profilometer.
Waves form at the edges of the PVP, sample structures are placed far (> 4 mm) from the
edge of the PVP to avoid the thickness variation in these areas.
Cross linked PVP films are reported to have dielectric constants ranging from 3.66.4 depending on composition and other parameters, such as cross linking temperature
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[24,63]. Due to the uncertainty in our capacitance meter, measurements of dielectric
constant in our PVP samples varied between 3 and 10 and were therefore assumed to be
unreliable. Based on a comparison between composition and procedures used to produce
our PVP films and those in literature we chose to use  = 3.6 for calculations [63].
Variation in PVP dielectric due to composition, smoothness (see Figure 2.21), non
ideal OFET IV characteristics (leakage current, bias effects, etc.), and need for higher
electro-optic signal (higher charge densities on dielectrics with higher , lead us to
pursue inorganic dielectrics. We tried many inorganic dielectric deposition methods
including chemical vapor deposition, thermal evaporation, electron-beam and sputtering
of titanium oxide, silicon oxide, and aluminum oxide. The films we produced were not
insulating or had very low (< 5V) breakdown voltage; for example all transistors we
prepared with sputtered oxide dielectrics either had pin-holes (large gate leakage
currents) or developed them at very small applied gate voltages. A method that produced
usable samples was atomic layer deposition (ALD) of Al2O3. ALD deposited Al2O3 has a
high breakdown voltage (5.2MV/cm) and a dielectric constant of  = 7.5 [67].
ALD provides a smooth and nearly pinhole free dielectric layer due to the
sequential, self-limiting reactions that form the thin film. Aluminum oxide, Al2O3, was
deposited by alternating exposure to trimethylaluminum (TMA) and water in the
following sequence in a Savannah ALD system manufactured by Cambridge NanoTech
Inc:
1. Exposure to TMA, precursor is chemabsorbed onto the substrate
2. Nitrogen purge of the chamber
3. Exposure to water gas which reacts with the methyl groups to form
oxygen bridges, hydroxyl surface species, and methane gas
4. Nitrogen purge of reaction gases in the chamber
To deposit aluminum oxide films, the substrate is placed in vacuum at 200°C with
a nitrogen gas purge set at 20 sccm. Al2O3 is deposited through this reaction at a rate of
0.11 nm/cycle, each cycle takes approximately 8 seconds to complete. ALD deposition of
1-2 microns of Al2O3 required over 24 hours of deposition time. Due to this, depositions
were run overnight on shared equipment in the CeNSE center and were done over several
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nights, with the samples being taken out of the chamber every 14 hours for ~ 8 hours.
Approximately 750 nm of Al2O3 can be deposited in one run.
We chose to use Al2O3 instead of silicon dioxide due to the thickness
requirements of our experiment, as silicon dioxide reactions require a much longer (~30
second) exposure and purge times per layer. Additionally, as shown in Figure 2.19, SiO2
may have a large, parasitic electro-optic response.

Copyright © Emily Geraldine Bittle 2013
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CHAPTER 3 Voltage Modulated Infrared Measurements of TIPS Pn and diF TES

ADT: Spectral and Spatial Dependences
3.1

Introduction
Charge conduction in small molecule organic semiconductors is associated with

the delocalized carbon -bonds, which have vibrational energies in the 1100 - 1700 cm-1
range for materials like pentacene and diF TES ADT [68]. Applied electric fields or
excess charge on a molecule will cause electric dipole changes in the molecules which
result in changes to the molecule vibrational and rotational energies [69]. For example,
the signature vibrations (including hydrogen wagging) between 700-1500cm-1 in
pentacene shift 10 - 30 cm-1 when the molecule is ionized, with highest sensitivity closest
to the CC bonding energies [70,71].
In addition to molecular vibrational energies, polarons formed in polymer organic
semiconductors also have energies in the infrared range. Li et al. [7]. observed the
formation of polarons and infrared active vibrational modes in poly(3-hexylthiophene)
when a gate voltage was applied, and observed that the IR spectral weight of these
features is proportional to the density of carriers. In highly ordered systems it is not clear
if polarons exist, as discussed in Section 1.4. In single crystal rubrene for example,
polarons are not observed, though broad-band absorption of light in the mid to far
infrared was observed in the “on” state (Vgs < 0) [6] suggesting that at low enough
frequencies the extra charge induced is able to absorb light, possibly due to delocalization
of the charge carriers over several molecules [28].
In order to gain insight into the nature of charge transport in TIPS Pn and diF TES
ADT we studied the gate voltage modulated absorption spectra in the mid infrared. TIPS
Pn and diF TES ADT both show a broadband absorption in the 425 – 1100 cm-1 range;
additional studies in the 1000 – 1600 cm-1 range for diF TES ADT show changes in
vibrational energies.
Our measurements of infrared light absorption through organic transistors in the
425 – 1100 cm-1 range can be used to probe the local charge density in the low frequency
(static) case and for dynamic charging with a spatial resolution of 20 microns. The charge
distribution between the drain and source of an OFET changes with applied gate, drain
and source voltage, and can be affected by contact resistance, grain boundaries, and
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impurities. Scanning Kelvin probe microscopy has been used to evaluate the voltage
within the channel: across grain boundaries[72], at the contacts, and around impurities
[26]. Visible light has been used to probe the static charge in a working pentacene field
effect transistor [8], and second harmonic generation has been used to measure the
dynamics of charge moving from source to drain [21]. Our infrared measurements show
that the charge distribution is constant at low frequencies for typical samples and show
variation for higher frequencies as expected.
3.2

Charge induced infrared absorption
In our lab, the best sensitivity is obtained using AC measurements using our lasers

as discussed in Section 2.2, which limits our spectral range but increases our spatial
resolution. When measuring the “static” charging, we performed low frequency
measurements (typically 500 - 700 Hz), well below the characteristic frequency of the
transistor. Using a standard OFET configuration, we apply a square wave gate voltage
(Vgs) to the sample while measuring the reflection off of the gold gate for measurement
areas of around 30 m x 30 m. To get spectral dependence, the wavelength of the laser
light is varied from low to high wavenumber and measurements are taken at one location
between drain and source.
Measurements were made on drop cast samples of TIPS Pn and diF TES ADT on
polymer (PVP) or aluminum oxide (Al2O3) dielectric on structures described in Section
2.4.1. Crystals used for measurement made contact with the source and drain electrode,
and showed current response to gate voltage in IV characteristics.

Results
When a negative voltage is applied to the gate, positive charges are induced onto
the bottom layers of OSC closest to the gate. If the charges are not trapped or tightly
bound to molecules, the charges will be mobile and absorb light. Figures 3.1 and 3.2
show the absorption of light in OFETs made with TIPS Pn and diF TES ADT,
respectively. The broadband signal is due to the change in conductivity in the
semiconductor caused by the introduction of mobile charges when applying a gate
voltage (see Section 1.5.2.) The amount of absorption though a thin layer of charge can
be roughly estimated using Equation 1.6, which assumes the low conductivity limit for
mobile charges, and the values relevant for the TIPS Pn transistor on PVP dielectric
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obtained from IV measurements: mobility lin = 0.06 cm2/Vs,  ≈ 3.6, dielectric thickness
d = 1 m, and the two-dimensional charge density 2D = 0Vgs/d. This estimate,
∆R
R

≈-5×10-6 , is ten times lower than measured data shown below. The buried metal layer

effect will enhance the absorption by a factor of 3 – 4 (Figure 2.14.)
The energy range of the lasers covers the resonant energy of hydrogen wagging
bonds in TIPS Pn (and related materials), which are assumed to have a low involvement
with mobile charge as compared with delocalized C=C bonds. In cations of pentacene,
charge-induced shifts of 10 – 30 cm-1 are observed for the CH out of plane wagging,
which fall in the 600 – 1000 cm-1 range [71], but we do not observe energy shifts of the
molecular bonds with applied voltage in this region for TIPS Pn (Figure 3.1, Figure 3.2.)
From the magnitude and width of the reflectance spectral features, and assuming that the
crystal is ~25 molecules thick, our noise level R/R ~ 10−5 suggests that the phonon
frequencies change less than 4 cm-1 with charging. Alternatively, the lack of spectral
anomalies may be an indication that charges in the surface layer hop between molecules
in times less than the phonon periods, or are delocalized over several molecules.

3.2.1 A note on sample age and performance
We measured the voltage modulated spectra for both TIPS Pn and diF TES ADT
transistors. Both show absorption of light over the wavelengths measured, though in diF
TES ADT this signal decreases by four when the sample is stored for one month (Figure
3.2.) TIPS Pn does not show this same degradation, though it was also stored and
measured in air.
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TIPS Pn Reflection and electro-optic spectra. Reflectance spectrum of a
TIPS Pn on gold is shown in the black line, axis on right. Black triangles show the
electro-optic spectrum of TIPS/PVP Sample 1. Applied square wave voltage was Vgs = 50 V at 714 Hz. Black circles show the spectrum of TIPS/Al2O3 Sample 2, Vgs = -100 V
at 505 Hz.
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Figure 3.2
FTES/PVP Sample 1. A large decrease in electro-optic signal (triangles and open circles,
axis on left) is seen after a month in storage.
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3.3

Voltage dependence of the charge density
For a typical sample at low frequency (well below the characteristic frequency)

and drain to source voltage Vds = 0 the electro-optic signal varies linearly with the gate
voltage at all points along the transistor channel. Figure 3.3 shows signal variation as Vgs
is increased, voltage is applied at a frequency of 505 Hz for TIPS/PVP Sample 1. The
linear dependence shows the capacitive charging of the transistor.

R / R x 10-5

0
-2
-4
-6
-8
0

-10 -20 -30 -40 -50
Vgs (V)

Figure 3.3
Electro-optic signal for a TIPS Pn transistor, TIPS/PVP Sample 1, as a
function of gate voltage with drain and source grounded. Signal was measured at the
center of the FET channel, and voltage was applied at a frequency of 505 Hz.
3.4

Charge distribution in TIPS Pn transistors
We use the broad-band infrared absorption described in Section 3.2 to measure

the distribution of charge within our TIPS Pn and diF TES ADT samples (diF TES ADT
samples are presented in Section 4.7.) The microscope is used to focus light into a
~ 20 m × 20 m measurement area that is moved from drain to source, taking
measurements at ~ 25 m intervals. TIPS Pn transistors on PVP dielectric show no
spatial dependence of the R/R signal from drain to source at low frequency (Figure 3.4)
when gate voltage is applied and drain and source are held at ground. Figure 3.4a shows
data for a sample with constant voltage applied to the gate, and voltage applied to the
drain at low frequency (~static).
When applying a drain to source voltage (ie with V(L) = Vdg = 0 and Vsd = V(0) ≠
0) the static case of Equation 1.9 gives (also shown by Manaka et al. [8].)
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1

Equation 3.1

Figure 3.4b shows this case, and data fits Equation 3.1 within noise.
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Voltage modulated reflection measured in-phase with the applied gate
Figure 3.4
voltage (714 Hz) on TIPS/PVP Sample 1. Signal measured using ~ 907 cm-1 light
positioned on a crystal within the FET channel. (a) AC voltage is applied to gate only,
drain and source held at ground. (b) DC voltage is applied to the gate while AC voltage is
applied to the drain. Fit to Equation 3.1 is shown.
When applying a gate voltage at higher frequencies, the position dependence of
the charge density will vary based on how fast the charge can reach each area of the
transistor. As noted in Section 1.6 and by Matsui and Hasegawa [5] the charge will
decrease toward the center of the channel as the frequency of the gate voltage approaches
the characteristic frequency of the transistor. In-phase and quadrature measurements
show the charging and discharging dynamics, as seen in Figure 3.5. For this TIPS Pn
sample made with Al2O3 insulator (TIPS/Al2O3 Sample 2), there is constant in-phase
signal across the transistor and no quadrature signal at low frequency; as the frequency
increases the in-phase signal decreases and the quadrature signal increases, showing a
delay in charging. Higher frequencies (shown in Chapter 4) can result in inversion of
both in-phase and quadrature signals- as expected for an overdamped oscillator.
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Figure 3.5
frequencies on a TIPS Pn sample (TIPS/Al2O3 Sample 2) with alumina gate dielectric. F0
is the characteristic frequency of the transistor.
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3.5

Vibrational energy shifts in diF TES ADT
Voltage modulated spectra can be taken for a broader set of wavelengths when the

FTIR is used. In order to obtain a good signal to noise ratio, a larger area (~1 cm2)
transistor is necessary for FTIR measurements. In addition, AC measurements (which
take advantage of the signal filtering of lock-in amplifiers) are not possible since the
frequency of applied voltage should be much larger than F = 2v, where v is the
mechanical velocity of the interferometer mirror and  is the wavenumber [73]. This
pushes the gate voltage frequency to well above 3,600 Hz (for typical values of v = 1.9
cm/s and  = 900cm-1), which is comparable to the characteristic frequency of the
transistor.
Measurements of voltage modulated FTIR spectra were performed on diF TES
ADT crystals prepared by drop casting or spin casting onto transistor structures with
interdigitated drain and source contacts on Si3N4 dielectrics prepared with or without
surface modification by HMDS or PFBT monolayers, as described in Section 2.4.
Chemical modification of the surfaces produced no discernible effect on the voltage
dependence of phonon frequencies, though the method of OSC deposition (spin casting
versus drop casting) produced different effects. The measurement technique using the
FTIR at NIST is described in Section 2.1.4.
Results
Drop cast diF TES ADT samples show changes in vibrational frequencies of
phonons in the 1100 - 1600 cm-1 range due to the application of gate voltage, as seen in
Figure 3.6. The vibrations around 1200 cm-1 are unidentified, though most likely are
single bond vibrations; 1403 cm-1 and 1413 cm-1 are C=CH bending; and the vibration at
1588 cm-1 is the C=CF stretch at the ends of the molecule (see Figure 1.1) [68]. The close
spacing of the modes around 1200 cm-1 and 1400 cm-1 makes voltage modulated changes
in individual modes difficult to interpret, though it is obvious that the magnitude of the
changes increase with applied voltage. The C=CF stretch at 1588 cm-1 shifts up in energy
under increased gate voltage, as seen in the derivative shape in Figure 3.6.
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Voltage modulated IR spectrum of a drop cast diF TES ADT sample. Due
Figure 3.6
to drift in FTIR data taken over many hours, the data is plotted minus the average value
of the total data set.
Spin cast samples of diF TES ADT show a different voltage modulated spectral
dependence. As seen in Figure 3.7, the spin cast samples show a broad peak response to
applied voltage. In addition to the broad signal the spin cast samples also show possible
infrared active modes around 1800 – 2100 cm-1 and around 1500 cm-1. We were unable to
identify the origins of these effects, though we can consider a few possible explanations:
the unidentified modes may be due to the increased number of grain boundaries in the
spin cast samples, which cause increased defect trapping [74]; the large spectral response
in the spin cast films may be due to the large electric fields across the numerous grain
boundaries present in spin cast films [72].
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3.6

Summary
We show that applying voltages to organic semiconductor thin film transistors

causes a change in the infrared absorption through the semiconductor material. TIPS Pn
and diF TES ADT both show broadband absorption in the range of our lasers (425 –
1150 cm-1), owing to the introduction of positive charges from the drain and source
contacts when a negative gate voltage is applied. This signal varies linearly with applied
gate voltage due to the capacitive charging of the transistor, and decreases rapidly with
age in diF TES ADT samples. Changes in infrared absorption while modulating the gate
voltage on a field effect transistor were used to map the charge distribution within the
active channel. The charge distribution is constant on TIPS Pn samples at low frequency
and decreases toward the center as the frequency of applied voltage increases. Voltage
modulated spectral measurements of diF TES ADT show possible differences in charge
transport or impurity capture for polycrystalline versus single crystal samples.

Copyright © Emily Geraldine Bittle 2013
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CHAPTER 4 Charge Dynamics in Organic Field Effect Transistors
4.1

Introduction

Reflecting the growing interest in developing devices using organic
semiconductors and in understanding their properties, probes are being developed that
can measure the dynamic dependence of semiconductor properties within the channel of
thin-film field effect transistors. Optical probes have been used to measure the
distribution and dynamics of charge in the channel [5,7,8,16,21,75,76] and are going
beyond the usual “lumped impedance” approximation of the field-effect transistor (FET.)
Current-voltage measurements suffer from the influence of non-Ohmic resistance
at the source and drain contacts, which can vary with temperature and voltage, and the
presence of charge traps. There is work toward modifying the interpretation of currentvoltage measurements to produce reliable results [77], though more direct routes toward
understanding the intrinsic mobility have been investigated that would give more reliable
measurements. Measurements like time-of-flight [13] can give reliable measurements of
bulk mobility, but do not measure the mobility under high current density and surface
influenced measurements that are likely to be seen in working thin film devices made
with OSCs. Direct imaging of the electric field using Second Harmonic Generation [21]
or the potential profile using scanning Kelvin probe microscopy [4] have been used to
give a direct measure of the local mobility in transistors.
In this study, we use spatially resolved voltage modulated infrared reflection to
measure the dynamic response of charge in field effect transistors. Specifically, we
measure the time it takes for the conducting channel to form after applying a gate voltage
to the thin film transistor. We find that this dynamic signal can be used to measure the
linear mobility of the device under working conditions, without knowledge of the
capacitance or charging, and can be found locally within the transistor channel. Results
are compared to the model of dynamic response introduced in Section 1.6, and we
investigate the difference in transport between two dielectrics, the variation of mobility
within one transistor, and samples with unusual signal.
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4.2

Experimental details

To gain information on the charging dynamics of the TIPS-pentacene transistor, a
unipolar square wave voltage is applied to the gate, and we measured the relative change
in reflectance, R/R, both in-phase and in quadrature with the square wave, as functions
of position (x), amplitude (Vgs), and frequency (F) using electro-optic techniques
described in Section 2.2. Reflection off the gate material means the change in reflection,
R = R (Vgs) – R (Vgs = 0), is negative when light is absorbed in passing through the
active material.
Samples for this study are TIPS Pn or diF TES ADT drop cast on transistor
structures with either polymer (PVP) or aluminum oxide (Al2O3) dielectric, as described
in Section 2.4.
4.3

Measuring mobility using dynamic measurements

By varying the frequency of the gate voltage and measuring the electro-optic
response within the channel we can obtain information on the dynamic response of the
charge carriers. At the center of the channel, where the charge will travel from both
contacts in approximately the same amount of time, we can determine the speed at which
the charge can travel half the distance of the channel and use this to estimate the mobility.
By using the dynamic response, we do not need knowledge of the capacitance, current or
width of the channel, which are needed to extract mobility from IV curves.
Data is compared to the one-dimensional conductor model described in Section
1.6 by fitting a rational expression to the numerical, frequency dependent solution to
Equation 1.9, which is plotted in Figure 1.10:
⁄

, with

≡ ln

ln

Equation 4.1

where F is the frequency of the applied voltage,  is the charge density, L is the length of
the channel,  is the mobility and Vgs is the applied gate voltage. The parameters for the
in-phase and quadrature response are given in Table 4.1. For comparison to the data,
Equation 4.1 can be rewritten as:
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∆
2

,
1

ln

ln

ln

ln

Equation 4.2

The fitting parameters are the characteristic frequency (F0) and the overall scale (A.) F0 is
used to find the mobility and is defined as:
≡

2

Equation 4.3

In calculations the overall scale A corresponds to the charge density, though this cannot
be applied to fits due to the nature of the measurement where the unitless factor R/R is
dependent upon both the charge density, 0, and light interference in the OSC and
dielectric (see Section 2.5.2.)

Parameters of Equation 4.1 and Equation 4.2 for the in-phase and
Table 4.1
quadrature response
in-phase

quadrature

 0.3561

0.2541

 0.3174

0.5293



0.3375

0.3513

 0.1448

0.3202

 0.06726

-0.01693

The frequency response of the voltage modulated reflectance signal measured
near the drain contact and at the channel center of a TIPS Pn transistor made on 1.5 m
thick PVP dielectric is shown in Figure 4.1 (TIPS/PVP Sample 1.) The square wave
voltage applied to the gate alternated between zero and -50 V, and the channel length L =
0.4 ± .01 mm. The difference in response between the two positions is due to the time for
the charge to move from the contact to the center. Near the contacts the frequency
dependence is expected to be position dependent and is therefore affected by the finite
size of the light spot, but this is not so near the center, as discussed in Section 1.6. Data at
the center is fit to Equation 4.2, A = 1.6 x 10-4 and F0 = 575 ± 50 Hz which gives a
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mobility  = 0.037 ± 0.005 cm2/Vs. This is within error of the linear mobility from IV
measurements (shown in Figure 4.2), lin = 0.05 ± .01 cm2/Vs, showing the validity of the
fit.
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Gate voltage frequency dependence of the change in reflectance at the
Figure 4.1
center and near the drain contact on TIPS/PVP Sample 1. Fits of the data at the center of
the channel to Equation 4.2 are shown.
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Figure 4.2

Current-voltage measurement for transistor TIPS/PVP Sample 1.

54

All TIPS Pn transistors with PVP dielectric that we measured show similar
behavior; another example (TIPS/PVP Sample 2) is shown in Figure 4.3. Fit of Equation
4.3 to electro-optic data taken at the center of the channel gives F0 = 540 Hz and a
mobility of 0.03 cm2/Vs. Current-voltage data (Figure 4.4) gives a mobility value of
0.02 cm2/Vs.
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Figure 4.3
Gate voltage frequency dependence of the change in reflectance at the
center and 75m away from the contact on TIPS/PVP Sample 2. Fits of the data at the
center of the channel to Equation 4.2 are shown.
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Sample 2.

Current-voltage characteristic of sample shown in Figure 4.3, TIPS/PVP
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4.4

Aluminum oxide dielectric

Using a higher  dielectric such as aluminum oxide can provide a higher
capacitance, resulting in higher charge density for a given gate voltage. In pursuing Al2O3
as a gate dielectric, we hoped to obtain a larger and cleaner electro-optic signal. Samples
made on glass slides, as described in Section 2.4, provided clean signal at Vgs = -25 to 100 V, and on some samples, signal was doubled as compared with PVP dielectric.
The IV characteristics and frequency dependence of the R/R signal for TIPS Pn
samples prepared on Al2O3 dielectric (TIPS/Al2O3 Samples 1 and 3) are shown in Figures
4.5, 4.6, and 4.7. On samples prepared on Al2O3, the change in reflectance with
frequency deviates from the calculated charge density at high frequency (above 6kHz),
though the current-voltage data is similar to what is obtained for PVP dielectric. The
mobility values extracted from the data still show correlation with the mobility values
from current-voltage data, though IV values always are lower by ~ 0.01 - 0.03 cm2/Vs.
For the data in Figures 4.6 (Sample 1) and 4.7 (Sample 3), mobilities from electro-optic
data are 0.03 cm2/Vs and 0.07 cm2/Vs respectively, and the corresponding IV data gives
0.02 cm2/Vs and 0.06 cm2/Vs.
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data applies to both graphs.
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Figure 4.6
Change in reflectance for a sample made with alumina dielectric
(TIPS/Al2O3 Sample 1) as a function of the gate voltage frequency, Vgs = 0 to -100 V.
Satisfactory fits to Equation 4.1 were not possible within the error bars using data at all
frequencies; the curves show the fits using the F < 6 kHz data only. Inset shows
calculations of response for constant mobility (circles) and charge density dependent
mobility ( = 0V(t)/Vgs0) (triangles.)
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Figure 4.7
Change in reflectance for a sample made with alumina dielectric
(TIPS/Al2O3 Sample 3) as a function of the gate voltage frequency, Vgs = 0 to -50 V; the
curves show the fits using the F < 6 kHz data only.
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Dielectrics are known to affect the transport properties of organic FETs, due to
increased polarization on high  dielectrics or increased trapping sites. [24,61]. Charge
trapping will cause a voltage dependence of the mobility, which causes the mobility to
increase as traps are released at higher voltage [18]. In comparing calculations of
mobility “dependent” ( ∝ Vgs) and “independent” charge density (inset, Figure 4.6), we
find that this cannot explain the effects we are seeing. If the mobility was decreasing with
voltage (which is not expected from the literature, but applies to our samples, as below)
we would see the time dependence of the signal become more like the linear response,
since charge bottlenecks at the contacts would not occur when Vapplied = 0. However, the
linear calculations also do not show a good fit to the data taken on samples with Al2O3
dielectric. We may be seeing increased impedance at the contacts, possibly due to defects
near the electrodes [45], due to lamination or molecular disorder as diagrammed in Figure
4.8. This would cause delays in both the injection and extraction of charge in the
transistor (which may be asymmetric), and has proved difficult to model.

(a)

(b)

Cartoon of possible defects at the drain and source contacts. (a) shows the
Figure 4.8
effects of poor lamination, where at the contacts the crystal is not in contact with the
dielectic, and (b) shows disorder at the crystal/contact interface.
4.4.1 Voltage dependence of the mobility for samples with Al2O3 dielectric

Using the larger signal gained from using a material with higher  at high voltage,
we can look at a possible extension of the electro-optic mobility measurement: studying
the voltage dependence of the mobility. Shown in Figure 4.9 is the frequency dependence
of the electro-optic signal for various gate voltages of a TIPS Pn transistor made with
Al2O3 dielectric (TIPS/Al2O3 Sample 1). Table 4.2 compares the mobility values obtained
from fitting the electro-optic data to Equation 4.3 and IV data in Figure 4.5. Values of the
mobility decrease with increasing voltage, showing the opposite of what has been
observed for voltage dependence of the mobility [18].

58

In-Phase

Vgs = -25 V
Vgs = -50 V

-15

Vgs = -75 V
Vgs = -100 V

 R / R x 10-5

-10
-5
0
Quadrature
-5
0
5
100

1000

10000

Frequency of applied Vgs (Hz)

Figure 4.9
Sample 1.

Voltage dependence of electro-optic frequency response of TIPS/Al2O3

Mobility values comparing data presented in Figures 4.5 and 4.9 for
Table 4.2
sample TIPS/Al2O3 Sample 1.
Vgs

Mobility (linear)

Mobility from optical
data

-25

0.058

0.076

-50

0.036

0.065

-75

0.027

0.046

-100

0.021

0.034
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4.5

Mobility variation within a transistor

Transistors grown from drop casting will often form long (~ 1 mm), wide (~ 0.1
mm) crystals, so that multiple “single” crystals can span one pair of drain and source
contacts. These crystals often have different transport properties that are compounded in
current-voltage measurements. The spatial resolution of our measurement allows us to
measure the mobility of individual crystals. Shown in Figure 4.10 are three TIPS Pn
crystals grown on the same set of drain and source contacts over PVP dielectric
(TIPS/PVP Sample 5.) Figure 4.11 shows the change in reflectance signal as a function of
the gate voltage frequency for the three crystals and Table 4.3 gives the mobility for each
crystal calculated from fits to Equation 4.2 as well as the linear mobility obtained from
current-voltage (IV) measurements (Figure 4.12.)
As seen in the micrograph Figure 4.10, Crystal C is longer (which formed at ~45°
off the drain-source gap) and therefore much slower than Crystals A and B (which
formed nearly parallel to the drain-source gap.) However the mobility of crystal C is also
lower, possibly due to variation in the dielectric material, or due to the anisotropy in TIPS
Pn conduction which would result in a factor of ~ 2 decrease in mobility for a crystal
oriented at 45° [32]. The compounded mobility of all the crystals calculated from the IV
curves is most similar to the mobility of Crystal C, though the width of Crystal C is
comparable to A and B and is therefore unlikely to dominate charge conduction. We
consider the frequency dependent change in reflectance to be a more reliable
measurement of mobility, since it relies on fewer parameters than mobility calculated
using IV characteristics, and we therefore attribute the discrepancy to uncertainty (e.g.
capacitance, bias stress effects) in the IV measurement.
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Figure 4.10 Micrographs of TIPS/PVP Sample 5 with three crystals spanning drain to
source. Scale on (a) and (b) are the same, shown as a bar in (a).
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Figure 4.11 Gate voltage frequency dependence of the change in reflectance at the
center of a TIPS Pn transistor (TIPS/PVP Sample 5) measured on three crystals spanning
one drain-source contact pair, Vgs = 0 to -50 V. Fits (within error bars, not shown to
avoid crowding) to Equation 4.1 are shown.
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labeled.

Mobilities calculated from the fits to data in Figure 4.11 and from currentTable 4.3
voltage (IV) measurements on TIPS/PVP Sample 5. Uncertainty in mobility for crystals
A, B, and C are ~20% of the final value, due to uncertainty in Vgs (2%), L (5%), and F0
(10%). F0 and A are the fitting parameters for Equation 4.1, where the characteristic
frequency F0 = (0Vgs)/(2L2) and A is the amplitude of R/R.

Crystal

F0 (Hz)

A (10-4)

Length(m)

Width (m)

Mobility
(cm2/Vs)

A

2050

0.9

400

75

0.13

B

2200

1.4

375

125

0.12

C

720

1.8

500

100

0.07

IV

-

-

425 (average)

300

0.07
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A similar measurement of the mobility over three crystals on the same transistor
for a TIPS Pn sample on Al2O3 dielectric is shown below. The frequency dependence of
the electro-optic signal (Figure 4.13) shows a similar fit to the data above on Al2O3
dielectrics. Comparison between the IV data (Figure 4.14) and electro-optic data is shown
in Table 4.4. The electro-optic data in this case shows the difference in mobility between
three crystals on the same drain and source contacts, but absolute values of the mobility
are more unreliable than for the PVP transistors due to the deviations from the fits at high
frequencies.
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Figure 4.13 Gate voltage frequency dependence of the change in reflectance at the
center of a TIPS-pentacene transistor with Al2O3 dielectric (TIPS/Al2O3 Sample 4)
measured on three crystals spanning one drain-source contact pair, Vgs = 0 to -100 V.
Fits to Equation 4.1 are shown.
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Current voltage data for TIPS/Al2O3 Sample 4

Mobility values comparing IV data (Figure 4.14) and electro-optic data
Table 4.4
(Figure 4.13) of the three crystals on TIPS/Al2O3 Sample 4, Vgs = -100 V.

Crystal

F0 (Hz)

A (10-4)

Length(m)

Width (m)

Mobility
(cm2/Vs)

A

940

-2.3

275

50

0.014

B

900

-1.0

300

100

0.016

C

1300

-1.8

275

100

0.020

IV

-

-

275

250

0.019
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4.6

Hot spots: areas of locally high R/R signal

A majority of samples we studied with TIPS Pn as the active layer and PVP
dielectric show behavior typical to what is presented in Chapter 3 and Section 4.3.
Occasionally we observed a small area with a higher R/R signal, sometimes up to 10
times higher than the rest of the crystal. These areas have been nicknamed “hot spots.”
The spatial dependence of the R/R signal is plotted in Figure 4.15 for a sample
with a hot spot. The corresponding current-voltage data is plotted in Figure 4.12. As seen,
the “normal” (small, negative) signal exists from 0 to 180 microns away from the drain,
and at 200 the signal changes to positive and is three times the magnitude. The positive
signal persists for ~50 microns, and then returns to the “normal” small negative signal.
Most hot spots are smaller than the light spot, which is typically between 20 and 40
microns.
15
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300

Distance from drain (m)
Figure 4.15 Position dependence of the change in reflection signal for a sample with a
hot spot, TIPS/PVP Sample 5.
Shown in Figure 4.16 are the voltage modulated spectra for two adjacent (within
20 m of each other) hot spot areas on another transistor, TIPS/PVP Sample 4, and the
voltage dependence of the signals. Hot spot areas may have either increased or decreased
reflection, and do not usually form in pairs as in this sample. As seen in Figure 4.16 b, the
signal increases quadratically with voltage.

65

0
-200
-400
-600
820 840 860 880 900 920

0

1000

2000

-5

200

400
300
200
100
0
-100
-200
-300
-400
3000

 R / R x 10

 R / R x 10

-5

400

Reflectance

175
150
125
100
75
50
25
0
-25

600

Vgs2 (V2)

 (cm-1)

Figure 4.16 Voltage modulated spectrum (a) and voltage dependence of the modulated
reflectance spectrum (b) for two hot spots at adjacent positions on TIPS/PVP Sample 4.
The same vibrational mode is affected by the applied voltage in both the increased
and decreased reflection areas, though the spectrum of the positive (increased reflection)
area is characteristic of a blue shift of the mode, and the spectrum of the negative
(decreased reflection) area indicates an increase in the intensity of the mode. Changes in
the frequency of the vibrational mode are expected when an electric field is applied, and
the changes seen here most likely occur due to large local fields.
The quadratic dependence on voltage suggests that the local charging mechanism
may differ from other “typical” areas. However, charge is still flowing on and off these
areas through the “normal” parts of the crystal, so the dynamic response is similar to that
of a typical sample. A frequency dependence for the hot spot on TIPS/PVP Sample 5 is
plotted in Figure 4.17. The position dependence of the signal for this sample is presented
in Figure 4.15, and is the same as Crystal A from the first data set in Section 4.5. The hot
spot is not exactly centered between the drain and source contacts, but is still close
enough that Equation 4.3 can be used to fit the data (as explained in Section 1.6.) For the
frequency dependence, the position of the light spot was chosen so that the largest signal
could be collected. The mobility from the fit is 0.15 cm2/Vs, which is within uncertainty
of the value measured at the center of Crystal A (Table 4.3.)
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Figure 4.17
5.

Frequency dependence of the hot spot on crystal A of TIPS/PVP Sample

We have not been able to determine whether the high electro-optic signal and
extra voltage dependence in these “hot spots” is an optical or a material effect. Areas with
large signal first appeared on TIPS Pn samples with very thin (~300nm) PVP dielectric.
There were no visible defects in these areas and so we attributed these anomolies to
pinholes in the thin dielectric. Later, hot spots were found on samples with thicker PVP
layers, and were often associated with visible defects, such as the meeting area between
thicker and thinner crystals. Grain boundaries show large voltage drops and charge
densities [3,72], and charge trapping by chemical impurities can cause local distortion of
the electric field [78,79]. With the spatial resolution of our IR measurements, we may be
seeing the effects of local imperfections on the electric field. Unfortunately, the origin of
the high signal in these areas remains a mystery.
4.7

Transistors with diF TES ADT
Contrary to measurements on TIPS Pn transistors, those made with diF TES ADT

as the OSC did not show a uniform spatial dependence of the R/R signal. As shown in
Figure 4.18, the signal was largest at the center of the channel and decreased toward the
ends. In FTES/PVP Sample 2, no visible defects existed, whereas in FTES/PVP Sample 1
the surface of the crystal was visibly deformed and seemed to be “bubbled” between 200
and 300 m. This bubbling was seen on all diF TES ADT samples made at the University

67

of Kentucky, either on or off the transistor. Bubbling of the OSC and the variation in
R/R signal are most likely due to the crystal structure transition at 294K as reported by
Jurchescu et al. [80]. Between 263-298K, two crystal structures coexist, with the lower
temperature structure having a shorter a and b axis (in the plane of the crystal). During
crystallization the solvent is being evaporated and can cause the local temperature to be
lower than room temperature, causing the lower temperature phase to be a greater
fraction of the overall structure upon thin film formation, which then expands and
buckles when the high temperature phase becomes dominant at room temperature.
The U shaped position dependence across the transistor is possibly due to the
crystal expanding while staying in contact with the drain and source contacts. The crystal
most likely expanded while attached at these two points, causing the crystal to bend
toward the dielectric. (Figure 4.19) Though the crystals did not lay flat on the substrate,
these transistors still retained electronic behavior, meaning that current still flowed
through areas not in contact with the substrate (Figure 4.20.) Lower R/R signal at the
edges suggests that the channel is charging most where the crystal is in contact, or that
the buried metal layer effect is causing a decrease in the signal in areas further than /4
from the gate.
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Figure 4.18 Position dependence of the modulated reflectance for two diF TES ADT
samples, FTES/PVP Samples 1 and 2.
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Current-voltage data for FTES/PVP Sample 2.

The electro-optic signal as a function of the gate voltage frequency for diF TES
ADT 1 is shown in Figure 4.21. Above 3kHz the data deviates from the fit to Equation
4.2, possibly showing the effects of the unusual contact area. The mobility obtained from
the fit, 0.17 cm2/Vs, is ten times lower than the value from current voltage data (Figure
4.20), lin = 2 cm2/Vs. Degradation of the signal is seen in samples made with diF TES
ADT, as discussed in Section 3.2.1, which corresponds to a decrease in the mobility. In
the week between IV and frequency dependent measurements (when position and voltage
dependence was being measured) the electo-optic signal decreased by 1/3. If the material
is “bubbled” at the edge, the characteristic frequency may be much lower than
F0 = Vgs/(2L2) due to increased bottlenecking at the contacts, which is also evident in
the drastic decrease in the signal starting at ~ 7 kHz. Due to the unpredictable nature of
these samples, further study was not completed.
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4.8

Gate voltage frequency dependence of FTES/PVP Sample 2.

Summary

We measured the applied gate voltage frequency dependence of the charge
flowing into the center of organic field effect transistors. Fitting this data to a model of a
one-dimensional transistor we can obtain accurate values of the mobility. Measurements
of TIPS Pn transistors on PVP dielectric fit well to the model, whereas those on alumina
dielectric show deviation from the calculated charge density response, suggesting that
contact impedance affects the transistor at high frequency.
Individual crystals within one transistor can vary in their transport properties,
which are compounded in current-voltage characteristics. Position dependent mobility
measurements can be used to probe local areas for mobility. In addition, local
measurements of the charge density and dynamics can show unusual behavior of the
transistor, as on diF TES ADT samples where problems with semiconductor lamination
lead to an effect on the dynamic response, and on “hot spots” on TIPS Pn samples where
a localized area shows large signal with quadratic voltage dependence that still retains a
dynamic response that fits our simplified model.

Copyright © Emily Geraldine Bittle 2013
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CHAPTER 5 Conclusions
We used measurements of the voltage modulated infrared reflectance of organic
thin film transistors to study the static and dynamic charge in the transistor. The two
organic materials studied are soluble, small molecule semiconductors: 6,13
bis(triisopropylsilylethynyl)-pentacene

(TIPS Pn)

and

fluorinated

5,11

bis(triethylsilylethynyl) anthradithiophene (diF TESADT.) Our study showed expected
behavior as predicted by a simple model of a one-dimensional conductor, including a
reliable measurement of mobility, and also showed deviations from the model due to
changes in the dielectric material, imperfections on the transistor, and lamination effects.
In TIPS Pn paired with polymer or aluminum oxide dielectric, a broadband
absorption signal is measured for the mid infrared (425 cm-1 – 1100cm-1 range.) This
signal was used to plot the static charge between drain and source and shows a constant
value for low applied gate voltage frequencies. When the frequency of the applied
voltage is varied, the absorption signal at the center of the gap decreases at the
characteristic frequency of the transistor, which is related to the mobility. By fitting the
frequency dependent data to the one-dimensional model, we are able to extract the
mobility and check for deviations from “ideal” behavior. Mobility values match the
values calculated from current-voltage data, and fits show good agreement with data for
samples made on polymer dielectric. Samples made on aluminum oxide dielectric show
this deviation from the fit at high frequencies (> 6kHz), most likely due to contact
impedance effects.
The electro-optic measurement of the mobility only requires information on the
length and characteristic frequency of the transistor, and can be used to determine the
local mobility. To determine the local mobility within a transistor channel, we use an
infrared microscope to focus the light onto areas smaller than the transistor width. More
than one crystal can grow on a set of drain and source contacts, and the mobility may
vary by a factor of two. The ability to probe local mobility provides insight into the
contributions of individual crystals to the total “average” mobility found using currentvoltage data.
On select TIPS Pn transistors on polymer dielectric, local areas with large
absorption signal are observed. The localization, quadratic voltage dependence, spectral
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dependence, and frequency dependence of the “hot spot” signals provide contradictory
evidence of their origin that has not been resolved.
In diF TES ADT, it was found that although there was a broadband signal similar
to that on TIPS Pn, it degraded quickly with time and had an inconsistent spatial
distribution. The inconsistent spatial distribution is most likely due to lamination defects
observable on diF TES ADT transistors. This lead to unreliable frequency dependent
measurements of the absorption signal, and were not useful in determining the mobility.
Though dynamic measurements on the polymer dielectric suffered, measurements of
voltage modulated Fourier transform infrared (FTIR) spectra on silicon nitride dielectric
showed a change in vibrational modes in drop cast (large crystal) transistors, and a
broadband absorption and possible infrared active vibrational modes in spin cast
(polycrystalline) transistors in the 1000 cm-1 – 2000 cm-1 range.
The voltage modulated reflection signal provides a useful method to measure the
position, voltage and frequency dependence of the high density charged layer in organic
field effect transistors. Notably, the dynamic response at the center of the channel
provides a local measurement of the mobility that does not require knowledge of the
capacitance or charge density.

Copyright © Emily Geraldine Bittle 2013
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